88.3%. Finally, we used the new PSA composite membrane to test some heavy metal ions and found that the rejection level was always greater than 90%. Therefore, the new PSA composite membrane exhibited potential for water desalination and the removal of heavy metal ions from an acidic environment.
Introduction
Water treatment and purication have become global problems owing to the rapid development of industries around the world, the excessive rise in population and environmental pollution. Membrane technologies, such as microltration (MF), ultral-tration (UF), nanoltration (NF), reverse osmosis (RO), and membrane distillation (MD), have been widely employed for water treatment in recent decades.
1,2 Membrane technologies have some advantages in comparison with other methods, such as energy efficiency, ease of operation, strong separation effects and environment-friendliness.
2-4
Among these membrane technologies, NF is a pressure-driven ltration technique that uses membranes with charge characteristics (positive or negative), as well as nanoscale pore sizes of around 0.5-2 nm, which are intermediate between those used in RO and UF.
5-7
These two characteristics of NF membranes enable their unique separation mechanism, including both size exclusion and the Donnan effect. 1, 8 It is worth mentioning that only the size exclusion effect is considered for the separation of neutral solutes (such as carbohydrates, alcohols, and phenols) through NF membranes, and similarly only the Donnan effect is considered for the separation of electrolyte solutes (such as inorganic salts) through NF membranes by assuming that the membrane's pore radius is much larger than the size of the electrolyte.
9-11 Therefore, NF membranes are widely used in desalination, water soening, environmental protection, heavy metal removal, and pharmacy.
To date, many kinds of method have been used for the preparation of NF membranes, such as coating, 12, 13 layer-bylayer assembly, 14 surface graing, 15 and interfacial polymerization (IP). 6, 7 Among these methods, IP has been the main method used for preparing NF membranes because it has several advantages. These include the fact that the IP process is fast and easy to perform. In addition, a thin-lm composite membrane with high water ux and salt rejection can be obtained by IP.
applications: rstly, most of the surfaces of PA composite membranes are currently negatively charged, which results in poor performance of PA membranes in the separation of divalent metal ions from wastewater. 1, 18 According to the Donnan effect, it is benecial to separate divalent metal ions with positively charged NF membranes. In general, the positively charged nature of NF membrane materials is closely related to the monomer used in the aqueous-phase reaction. Wang 19 prepared two kinds of NF membranes using b-cyclodextrin functionalized with multiple ethylenediamine groups (b-CD-EDA) and b-cyclodextrin (b-CD) used separately as an aqueous monomer to react with trimesoyl chloride (TMC). The results showed that the b-CD-EDA membrane had a higher zetapotential than that of the b-CD membrane, which indicated that there were more positive charges on the membrane surface. Chiang 20 chose ethylenediamine (EDA), diethylenetriamine (DETA), and hyperbranched polyethyleneimine (PEI) to react with TMC to prepare three kinds of PA composite membranes. This experiment showed that PA membranes prepared using small-molecule amines (EDA, DETA) were negatively charged on their surfaces; in contrast, using a macromolecular amine (PEI) to prepare a PA membrane resulted in positive charges on surfaces. This result could be explained by the fact that PEI is a macromolecule, and hence its speed of diffusion into the organic phase was slower than that of small-molecule amines (EDA, DETA). Furthermore, PEI has lower reactivity with TMC than EDA and DETA, and thus the surfaces of the newly produced PA membrane had many unreacted amine groups that provided positively charged sites. In addition to PEI, 1, 20, 21 other macromolecular amines are available as monomers for aqueous-phase reactions, including polyamidoamine (PAMAM), 22, 23 polyvinylamine (PVAm), 24, 25 amino-functionalized polyethylene glycol (PEG) 26 and polyhexamethylene guanidine hydrochloride (PHGH). 27 These can be used to prepare positively charged NF membranes, which all exhibit rejection of Mg 2+ of greater than 90%. A second disadvantage of PA composite membranes is that the amide bonds are easily hydrolyzed in acidic environments, which results in a rapid decline in the membrane separation effect. [28] [29] [30] [31] This result is attributed to the fact that the electronegativity of the oxygen atom in the amide bond is higher than that of the carbon atom, and hence the carbonyl group is much more susceptible to nucleophilic attack in acidic conditions. 28, 29 Thus, this disadvantage limits the utility of PA membranes in many applications that involve strongly acidic conditions, such as the electroplating industry, 32,33 the recovery of metals from acid wastes, 34 the recovery of acidic bleaching water in the paper industry 35 and the removal of nitrogenous compounds from acidic wastewater. 36 Therefore, it would be desirable to prepare acidstable NF membranes. At present, polymers with sulfonated aromatic groups are the commonest commercially available acid-stable membrane materials. 37, 38 However, this kind of membrane has relatively low permeation uxes or low salt rejections. Recently, a kind of polymer with an s-triazine ring structure has been used as an acid-stable membrane material. Some membranes with this kind of structure have been formed via IP between cyanuric chloride (CC) and amines.
28,29 However, these NF membranes exhibited a relatively low permeation ux
, which is unfavorable in scaled-up practical applications. Polysulfonamide (PSA) is another acid-stable membrane material and is used for water treatment in extreme conditions. It has been reported to exhibit higher acid stability than PA composite membranes, 30 which was attributed to the stable chemical structure of the sulfonamide bond in acidic conditions. Liu 31 developed membranes based on a PSA structure via an IP reaction between naphthalene-1,3,6-trisulfonyl chloride (NTSC) and piperazine (PIP). The separation performance of this kind of PSA membrane changed only slightly aer exposure to a 20% (w/v) H 2 SO 4 solution for 60 days; hence, this kind of membrane exhibited excellent acid stability. However, the separation performance of PSA composite membranes is poor, with a rejection of Mg 2+ of only around 40%. 31, 39 The poor separation performance of PSA membranes is due to the low reactivity of sulfonyl chlorides, which results in PSA membranes with low cross-linking levels. The coating of PSA membranes is largely formed from linear low-molecular-weight polymers with few pendant groups. 40 In addition, a sulfonyl chloride is easily hydrolyzed to a sulfonic acid, which provides negatively charged sites, with the result that the surfaces of PSA membranes have negative charges. 30, 31, 39, 41 These disadvantages of PSA membranes have limited their use in some large-scale practical applications, especially in dealing with divalent metal ions or heavy metal ions. Hence, the improvement of the separation performance of PSA membranes is an urgent problem.
In this study, we intended to design a new type of PSA composite membrane to solve the problem of the poor separation performance of reported PSA composite membranes. The macromolecule PAH was used for the rst time as the monomer in an aqueous-phase reaction and reacted with 1,3-benzenedisulfonyl chloride (BDSC) on the surface of a PES substrate via IP to prepare a new PSA composite membrane with positive charges, acid stability, and high performance. The polymerization conditions, including the pH of the aqueous-phase solution, soaking time in the aqueous-phase solution, reaction time, and concentration of the reaction monomer, were systematically investigated. The properties of the PSA composite membrane were evaluated using ATR-FTIR, XPS, zeta potential measurements, SEM, AFM and the molecular weight cut-off (MWCO). Finally, the separation performance and acid stability of the membrane were systematically tested.
Experimental

Materials
Polyethersulfone ultraltration (PES UF) membranes with an MWCO of 30 000 Da were supplied by Zhongcorui Film Technology (Beijing) Co., Ltd. Polyallylamine hydrochloride (PAH, powder, MW ¼ 17 500 Da, purity 98%) and 1,3-benzenedisulfonyl chloride (BDSC, purity 98%) were supplied by SigmaAldrich. Isopar G (isoparaffin-type hydrocarbon oil) was supplied by DiKaiMu Chemical Ltd., China. 4-Dimethylaminopyridine (DMAP) and sodium dodecyl sulfate (SDS) were supplied by Shantou Xilong Chemical Factory, China. Polyethylene glycol (PEG) (MW ¼ 200, 400, 800, 2000, 4000, 6000, and 10 000 Da) was supplied by TCI. Inorganic salt solutions (NaCl, Na 2 SO 4 , MgSO 4 , MgCl 2 , CuCl 2 , ZnCl 2 , CdCl 2 , and Pb(NO 3 ) 2 ) were supplied by Adamas.
Fabrication of PSA composite membrane
The detailed fabrication process was as follows: rstly, PES UF membranes were used as the substrates and were immersed in deionized (DI) water for 24 h and then dried. Secondly, aqueousphase solutions containing certain amounts of PAH, 0.2% (w/v) DMAP as a catalyst and 0.025% (w/v) SDS were fabricated and their pH adjusted with NaOH. Then, the PES substrates were immersed in the aqueous-phase solutions for a certain period. Aer the excess solutions were removed, the PAH-coated substrates were dried at room temperature until no liquid remained. Thirdly, the BDSC solution was applied to the surface of the PAH-coated substrates for a certain period to initiate interfacial polymerization. The excess solutions were drained, and the initial membranes were washed four times with Isopar G solvent to remove residual BDSC from the membrane surfaces. Next, the initial membranes were heated at 95 C for 10 min. Finally, the newly obtained PSA composite membranes were washed four times with deionized water and stored in deionized water until tested.
Characterization of PSA composite membrane
Scanning electron microscopy (SEM, U8020, Japan) was used to examine the surface and cross-section morphologies of the membrane. The surface roughness of the membrane was examined by atomic force microscopy (AFM, MultiMode 8, Germany). The chemical bonds on the membrane surface were examined by attenuated total reectance Fourier transform infrared spectrometry (ATR-FTIR, Bio-Rad FTS-6000, USA). Next, the chemical composition of the membrane surface was further examined by X-ray photoelectron spectroscopy (XPS, PerkinElmer PHI 5000C ESCA System, USA) using an Mg Ka1,2 radiation source. The spectra were recorded over the range of 0 to 1200 eV. The water contact angles of the membranes were determined using a contact angle goniometer (Kruss Easy Drop, Germany) at room temperature. Finally, the surface zeta potential of the membrane was examined with an electrokinetic analyzer (Anton Paar GmbH, Austria). The electrokinetic analysis was performed with 1 mmol L À1 KCl as the electrolyte solution. The pH of the electrolyte solution was adjusted using NaOH and HCl solutions.
Evaluation of performance of PSA composite membrane
The separation performance of the NF membrane was measured using a laboratory-made cross-ow at membrane system. The effective area of the membrane was 12.56 cm 2 . Each membrane was pressurized at 0.6 MPa with pure water for 2 h before the performance of the membrane was evaluated. Inorganic salt solutions (NaCl, Na 2 SO 4 , MgSO 4 , MgCl 2 , CuCl 2 , ZnCl 2 , CdCl 2 , and Pb(NO 3 ) 2 ) and PEG solutions were used as feed solutions for a permeation test at 0.5 MPa and room temperature. In addition, to ensure reproducibility, the performance results were average values recorded for more than three samples of each type of membrane. The permeation ux (F, L m À2 h À1 ) and rejection (R, %) of the membrane were calculated as follows:
where V, A, and t represent the permeation volume (L), the membrane area (m 2 ), and the ltration time (h), respectively. DP, P, and p represent the effective transmembrane pressure, practical pressure (MPa), and osmotic pressure, respectively. DM, i, R and T represent the difference in the molar concentration of the solute between the feed and permeate (mol L À1 ), the van't Hoff factor for the relevant solute, the universal gas constant (0.08314 L bar mol À1 K À1 ), and the absolute temperature (K), respectively.
where C p and C f are the solute concentrations (g L À1 ) of the permeate and feed solutions, respectively. The MWCO of the membrane was determined using solutions of PEG with different molecular weights that were uncharged. The membrane pore sizes were calculated by the Donnan steric pore model (DSPM). According to this model, the rejection of uncharged solutes is given by:
The empirical relation based on the molecular weight (MW, Da) is as follows:
where R p , F, K i,c , l, r p , r i and MW are the rejection of the solute, the steric partitioning coefficient, the steric hindrance factor, the ratio between the solute radius and pore radius, the pore radius (nm), the Stokes radius of the solute (nm), and the molecular weight (Da), respectively. PEG concentration data were obtained by spectrometric titration.
42 Salt concentration data were obtained by measuring the conductivity using a DDSJ-307A conductivity meter (Shanghai Leichi Instruments, China).
The acid stability of the membranes was determined using a method developed by other researchers. 31 The detailed process was as follows: rstly, the membranes were exposed to a 20.0% (w/v) H 2 SO 4 solution at room temperature for xed periods. Secondly, the membranes were taken out from the acid solution and washed with DI water. Finally, the membrane samples were immersed in DI water until tested.
Results and discussion
Optimization of polymerization conditions
We know that the performance of NF membranes is determined by the chemistry and conditions of polymerization of the active separation layer during processing by IP, in which the polymerization conditions play a major role in determining the compactness, thickness, and degree of cross-linking of the active separation layer and hence the separation effect of the membrane.
6,24,43 Therefore, tailoring the polymerization conditions, such as the pH of the aqueous-phase solution, soaking time in the aqueous-phase solution, reaction time, and concentration of the reaction monomer, was necessary and provided the optimum polymerization conditions for the fabrication of the new PSA composite membranes. The chemical structure of the expected active separation layer of the PSA composite membranes is shown in Scheme 1.
3.1.1 pH of PAH aqueous-phase solution. Fig. 1 shows the effect of the pH of the PAH aqueous-phase solution on the separation performance of the PSA composite membranes. The permeation ux decreased dramatically from 61.8 to 33.8 L m À2 h À1 as the pH was increased from 8.5 to 9.33, and the NaCl rejection increased from 17.8% to 55.9%. However, the separation performance of the membrane exhibited the opposite trend as the pH was increased to 9.7. This result could be explained by the fact that more amino groups (-NH 2 ) in the PAH macromolecule were initially protonated at a low pH than at high pH values. This protonation was unfavorable to the IP reaction. Increasing the pH reduced the degree of protonation and allowed the -NH 2 groups to participate in the reaction to form PSA polymers with abundant cross-links. This resulted in the formation of a compact PSA active separation layer on the PES substrate, which thus produced membranes with a high rejection and a low permeation ux. However, as the pH was increased to 9.7, the sulfonyl chloride groups were easily hydrolyzed. The hydrolysis of BDSC led to the formation of a less highly cross-linked and looser PSA active separation layer and thereby produced a membrane with a low rejection and a high permeation ux. According to our tests on the resulting membranes, the optimum pH of the PAH aqueous-phase solution is around 9.33.
3.1.2 Soaking time in PAH aqueous solution. Next, we investigated the soaking time of the PES membrane support in the PAH aqueous solution and its effect on the separation performance of the new PSA composite membranes. The resulting data are shown in Fig. 2 . As the soaking time in the PAH aqueous solution was increased from 5 to 25 minutes, the permeation ux decreased from about 53.1 to 34.2 L m À2 h À1 , Scheme 1 Structure of the PSA active separation layer formed by interfacial polymerization between PAH and BDSC. and the NaCl rejection increased from 32.1% to 56.8%. However, the NaCl rejection and permeation ux changed only slightly as the time was increased to 60 minutes.
This result could be explained by the fact that the soaking of the PES substrate in the PAH aqueous solution comprised an adsorption process owing to the porous nature of the PES substrate. In a short soaking process, the PES substrate adsorbed less macromolecular PAH, which reacted with BDSC to form a loose PSA active separation layer on the substrate and thereby produced a membrane with a high permeation ux and a low NaCl rejection. As the soaking time increased, more macromolecular PAH was adsorbed onto the PES substrate to form a PAH top layer. This top layer reacted with BDSC to form a compact PSA active separation layer on the PES substrate, which resulted in a membrane with a high NaCl rejection and a low permeation ux. However, with a further increase in the soaking time, the adsorption of PAH by the PES substrate may have reached saturation, which had only a slight effect on the performance of the PSA composite membranes. According to our tests on the resulting membranes, the optimum soaking time in the PAH aqueous solution is 25 minutes.
Reaction time.
On the basis of the above results, we also investigated the reaction time and its effect on the separation performance of the new PSA composite membranes. The experimental results are shown in Fig. 3 . The permeation ux decreased rapidly from 56.2 to 34.2 L m À2 h À1 when the reaction time was increased from 5 to 20 minutes, and the NaCl rejection increased rapidly from 27.6% to 56.8%. As the reaction time was increased to 30 minutes, the changes in the separation performance were only slight. According to the literature, 25,44 the growth of the IP active separation layer is self-limited because the formation of a compact and thick active separation layer hinders further diffusion of the reaction monomer from one phase to another immiscible phase. Because the reactivity of sulfonyl chloride groups is low, the extent of the reaction between PAH and BDSC was low at short reaction times and the PSA active separation layer on the PES substrate was loose, which thus produced membranes with a high permeation ux and a low NaCl rejection. As the reaction time was increased, the extent of the reaction increased, which led to the formation of a compact and thick PSA active separation layer on the PES substrate and thus produced membranes with a low permeation ux and a high NaCl rejection. However, when the reaction time was further increased, this had little effect on the performance of the membrane because the compactness and thickness of the PSA active separation layer on the PES substrate were almost constant. According to our tests on the resulting membranes, the optimum reaction time is 20 minutes.
3.1.4 Reaction monomer concentration. The concentration of the reaction monomer plays important roles in determining the extent of IP and therefore in determining the compactness and thickness of the active separation layer and hence the separation performance of the membrane. 25 Hence, we studied the concentrations of PAH and BDSC and their effects on the separation performance of the PSA composite membrane. Table  1 shows the experimental results. It can be clearly seen that there was a sharp decrease in the permeation ux from 51.8 to 42.2 L m À2 h À1 as the PAH concentration was increased from 0.1% to 0.7% (w/v), and the MgCl 2 rejection increased from 65.8% to 72.5% at a xed BDSC concentration of 0.02% (w/v). As the concentration of the PAH aqueous solution was increased to 1% (w/v), the permeation ux increased to 56.6 L m À2 h À1 and to 92.4%. As the BDSC concentration was further increased to 0.14% (w/v), it had less effect on the separation performance of the membrane. This result corresponds to a typical property of organic monomers reported in the literature, 45, 46 whereby an increase in the concentration of an organic monomer will increase the degree of IP. This results in a compact and thick PSA active separation layer on the PES substrate, so that the PSA composite membrane that is obtained exhibits a low permeation ux and a high salt rejection. When the PAH concentration was low, and with an increase in the PAH concentration, the permeation ux of the PSA composite membrane decreased and the MgCl 2 rejection increased. This result is consistent with the effect of increasing the BDSC concentration. However, when the PAH concentration was further increased, the permeation ux of the PSA composite membrane increased, whereas the MgCl 2 rejection was sharply reduced. This result is most likely to be attributable to the macromolecular nature of PAH, which, as a polymer, does not easily diffuse into the organic phase to react with BDSC in comparison with small molecules. Therefore, the BDSC monomer diffused into the aqueous phase to react with PAH. When the PAH concentration was high, more amine groups from macromolecular PAH were present on the PES substrate and the supply of BDSC was in decit. In this case, the PSA active separation layer was loose and a membrane with a high permeation ux and a low rejection was produced. Here, we also studied the effect of the reaction monomer concentration on the hydrophilicity of the PSA membrane surface. It is well known that the surface hydrophilicity plays an important role in the permeation ux of a membrane. The water contact angle is a critical parameter for determining the surface hydrophilicity of a membrane. 48, 49 In general, a low contact angle indicates that the hydrophilicity of the membrane surface is high, which is benecial for increasing the permeation ux of the membrane. As shown in Table 1 , we found that the water contact angle of the PSA membrane increased slightly with an increase in the PAH concentration from 0.1% to 1% (w/v) at a xed BDSC concentration of 0.02% (w/v) in Isopar G solutions. However, at a xed PAH concentration of 0.7% (w/v) in aqueous solutions the water contact angle of the PSA membrane increased markedly from 83.1 to 93.8 with an increase in the BDSC concentration from 0.02% to 0.14% (w/v), which indicated that the hydrophilicity of the membrane surface decreased signicantly. Therefore, an increase in the BDSC content in the IP process had a greater effect on the surface hydrophilicity of the PSA membrane than that of PAH. Fig. 4 shows the ATR-FTIR spectra of the PES substrate and PSA composite membranes, which indicate that the PSA active separation layer was formed on the PES substrate. This is demonstrated by the absence of the sulfonyl chloride peaks at 1375 cm À1 and 1168 cm À1 and the appearance of an S-N peak due to sulfonamides at 967 cm À1 (ref. 31) (Fig. 4(a) ). Fig. 4(b) shows the peaks at 3436 cm À1 (N-H stretching vibrations) and 1033 cm À1 (C-N stretching vibrations) due to the PAH amine groups. 47 Moreover, the bands at 1320 cm À1 and 1150 cm À1 are attributed to the asymmetric and symmetric stretching modes of -SO 3 H groups in the PES substrate and PSA active separation layer, respectively, 31,39 and the relative intensity of the peaks due to -SO 3 H groups slowly increased when the concentration of the BDSC solution was increased (Fig. 4(c) ). The results indicated that more sulfonyl chloride groups were hydrolyzed to form sulfonic acid groups with an increase in the sulfonyl chloride concentration in the IP process. Finally, we also found that the relative intensity of the peaks due to S-N groups increased when the BDSC concentration was increased (Fig. 4(c) ). In addition, the chemical composition of the membrane surface with a depth of 10 nm was determined by XPS. As shown in Table 2 and Fig. 5 , the surface sulfur (S) content of the PES substrate was 4.92%, whereas the surface sulfur (S) content of the NF3 membrane was 4.7% and its nitrogen (N) content was 9.92%, which indicated the formation of the PSA active separation layer on the surface of the PES substrate. When we increased the concentration of the BDSC solution to prepare the NF6 membrane, the S content increased from 4.7% to 5.8% and the N content decreased from 9.92% to 9.32%. Moreover, in terms of the S/N ratio of the membrane surface, NF6 > NF3. These results could be explained by the fact that increasing the concentration of the BDSC solution increased the extent of the IP reaction. Fig. 6 SEM images (a, b, c, d , and e) show the surfaces of PES and the NF3, NF5, NF6, and NF7 membranes, respectively. Images (f, g, h, i, and j) show cross-sections of PES and the NF3, NF5, NF6, and NF7 membranes, respectively. 
SEM and AFM.
The surface and cross-section morphologies and surface roughness of the PSA composite membrane were investigated by SEM and AFM, respectively. Fig. 6 shows SEM images of the PSA composite membrane. It can be clearly observed that the PSA composite membrane, when compared with the PES substrate, displayed obvious changes in the surface and cross-section of the membrane, which indicated that the PSA active separation layer was present on the PES membrane support. It was also obvious that the thickness of the PSA active separation layer in the NF3, NF5, and NF6 membranes increased quickly from 187.24 nm to 432.41 nm, and some bumps appeared on the membrane surface when the BDSC concentration was increased. However, the thickness of the NF6 and NF7 membranes increased slowly from 432.41 to 462.45 nm, and no obvious change was observed in the membrane surface as the BDSC concentration was further increased. This result can be explained by the fact that increasing the extent of IP enhanced the compactness and thickness of the active separation layer when the monomer concentration was increased. In addition, because the growth of the IP active separation layer was self-limited, the thickness stopped increasing when the active separation layer being formed was thick enough to hinder diffusion of the monomer from one phase into another phase. Fig. 7 shows AFM images of the surface root mean square roughness (Rq) of the PES substrate and PSA composite membranes. The surface Rq of the PSA composite membrane when compared with that of the PES substrate clearly decreased, which indicated the formation of the PSA active separation layer on the PES substrate. Moreover, the surface Rq of the NF3, NF5, and NF6 membranes decreased from 4.21 to 3.63 nm with an increase in the concentration of the organic monomer. However, with a further increase in the organic monomer concentration, the surface Rq of the membrane was little changed. The result, i.e., a smooth PSA composite membrane, could be explained by the fact that the macromolecule PAH was deposited on the surface of the PES substrate to form a PAH top layer, which had a uniform distribution of amine groups along the PAH chains, and thus the BDSC monomer diffused into the aqueous phase and reacted uniformly with PAH on the surface of the substrate, which resulted in the formation of a smooth active separation layer.
3.2.3 Zeta potential and MWCO. In the investigation of the zeta potential and MWCO, we chose the NF6 membrane prepared under the optimum polymerization conditions as the object of study. Fig. 8 shows the surface zeta potentials determined for the NF6 membrane and the PES substrate over the pH range of 3.0-9.0 by measurements of the streaming potential. It can clearly be observed that the isoelectric point (IEP) of the NF6 membrane was at a pH of about 8.5; this result indicated that the surface of the membrane was more positively charged in comparison with those of reported PSA composite membranes (IEP at a pH of about 3-5). 30, 31 The strong positive charge was due to the fact that the surface of the NF6 membrane contained some unreacted -NH 2 groups from PAH and -SO 3 H groups from the hydrolysis of the sulfonyl chloride, which could cause protonation with positive charges when the pH falls below the IEP. In addition, the -NH 2 and -SO 3 H groups were deprotonated when the pH exceeded the IEP, and thereby the surface of the NF6 membrane was negatively charged. Thus, the newly formed PSA membrane prepared from PAH and BDSC has a strong positive charge, which has obvious advantages for rejecting bivalent metal ions according to the Donnan effect. The MWCO of the NF6 membrane was determined by testing using PEG with molecular weights of 200, 400, 800, 2000, 4000, 6000, and 10 000 Da. The experimental results are shown in Fig. 9 . It can be observed that the MWCO of the NF6 membrane was about 720 Da. The pore radius of the membrane was 0.73 nm according to DSPM calculations. By comparison with the MWCO (6000 Da) of a reported PSA composite membrane, 31 the newly formed PSA membrane was more compact. This result, i.e., the compactness of the PSA composite membrane, can be explained by the fact that in the process of immersion in the aqueous phase the macromolecule PAH diffused into pores in the PES substrate and was deposited on its surface to form a PAH top layer. The top layer provided sufficient amine groups to react with BDSC to form the PSA active layer, and thus the surface of the PES substrate was covered by the active layer, which reduced the number and size of surface pores. Similar results have been reported. 6, 25, 44, [50] [51] [52] On the basis of the above results, the new PSA composite membrane is positively charged and has a pore radius of 0.73 nm. It is a typical NF membrane with positive charge. The separation mechanisms of NF membranes include the Donnan effect and pore size sieving. However, the pore radius of the PSA composite membrane is larger than the radius of some hydrated ions (Table 3) , and therefore the Donnan effect plays the main role in the process of separation. Scheme 2 is a schematic diagram of the separation process of inorganic salts using the desired PSA membrane, which shows that the surface of the PSA composite membrane has a strong positive charge at a pH of around 6.5. Thus, the new PSA composite membrane can achieve the selective separation of different ions and exhibit excellent rejection of divalent metal ions.
Evaluation of performance of PSA composite membrane
Next, the NF6 membrane prepared under the optimum polymerization conditions was selected as the object of further study of the performance of the membrane. 3.3.1 Separation performance of PSA composite membrane. Fig. 10 shows the rejection of four inorganic salts by the NF6 membrane, namely, MgCl 2 (92.44%) > MgSO 4 (88.9%) > NaCl (56.8%) > Na 2 SO 4 (55.2%), although the permeation ux did not change markedly. This result indicated that the surface of the NF6 membrane was positively charged, which is consistent with the results presented in the form of the zeta potential data. Here, the Donnan effect played the main role in the process of separation. This effect is related to the charge properties of the membrane surface, the ion valence, and the diffusion coefficient.
24,51 Therefore, the NF membrane with positive charge had a higher rejection of divalent cations (Mg  2+ ) than of monovalent cations (Na + 23, 24, 51 Hence, it is necessary to systematically study these factors.
Firstly, we selected MgCl 2 solutions with concentrations of 0.1-3 g L À1 to study how the feed concentration affected the separation performance of the NF6 membrane. The experimental results are shown in Fig. 11 . In the case of the MgCl 2 solutions, the rejection and permeation ux of the NF6 membrane declined to a lesser extent with an increase in the feed concentration. The rejection results can be explained by the Donnan effect. 23 The Donnan effect of the NF membrane on the ions decreased when the feed concentration increased, which resulted in a decline in the rejection of MgCl 2 . The decrease in the permeation ux was due to the increase in the MgCl 2 concentration, which made the osmotic pressure (p) increase on both sides of the membrane and thereby reduced the effective pressure (DP) according to eqn (1)-(3). The experimental results indicated that the performance of the new PSA composite membrane is stable and little affected by the concentration of inorganic salts.
Next, the effects of different pH values of the feed solution on the performance of the NF6 membrane were also investigated. Fig. 12 shows the results of this experiment. It is clearly seen that the rejection of MgCl 2 by the NF6 membrane gradually increased from 91.6% to 94.2% when the feed pH was decreased from 8 to 3. With an increase in the pH from 8 to 11, the rejection of MgCl 2 decreased rapidly from 91.6% to 64.2%. This result can be explained by noting that more -NH 2 groups can be protonated on the surface of the NF6 membrane at a low pH and thus make the membrane surface more positively charged, which enhances the rejection of Mg 2+ . When the pH exceeds the IEP, the positively charged surface of the membrane becomes Fig. 13 SEM images of (a) the NF6 membrane surface and (b) the NF6 membrane surface after exposure to an acidic solution for 30 days. However, the permeation ux of the NF6 membrane did not change signicantly (Fig. 12) , which indicated that the structure of the surface of the NF6 membrane was stable at pH values in the range from 3 to 11. The experimental results show that the new PSA composite membrane is suited to the treatment of inorganic salts in acidic environments. 3.3.3 Separation of heavy metal ions. Heavy metal ions are toxic substances in industrial wastewater and are not easily degraded, and hence the removal of heavy metal ions is an urgent problem. Next, we studied the application of the NF6 membrane in the separation of heavy metal ions. Table 4 shows the separation performance of the NF6 membrane for heavy metal salts, namely, ZnCl 2 , CuCl 2 , Pb(NO 3 ) 2 , and CdCl 2 . The rejection of the heavy metal salts increased in the following order: CdCl 2 < Pb(NO 3 ) 2 < CuCl 2 < ZnCl 2 . We can determine that the surface of the NF6 membrane was positively charged and mainly relied on the Donnan effect to reject the metal ions. This was related to the valence state and diffusion coefficient of the metal ions. For cations with the same valence (Zn 2+ , Cu
2+
, Pb
and Cd 2+ ), the rejection order was determined by the diffusion coefficients listed in Table 4 . Heavy metal ions with lower diffusion coefficients had more difficulty in permeating through the membrane and thereby had higher rejections. The rejection of Pb 2+ was mainly determined by the diffusion coefcient of NO 3 À , which is lower than the diffusion coefficient of
This experimental result shows that the new PSA composite membrane has an excellent separation effect for heavy metal ions, with a rejection of greater than 90% and a high permeation ux of up to 34 L m À2 h À1 , which is suitable for the treatment of heavy metal ions. 3.3.4 Acid stability of the membrane. Next, we studied the acid stability of the prepared PSA composite membrane by exposing it to a 20.0% (w/v) H 2 SO 4 solution for xed periods. The surface of the NF6 membrane was investigated using SEM before and aer exposure to the acidic solution for 30 days. Fig. 13 shows the resulting SEM image. The surface of the NF6 membrane had no obvious cracks aer exposure to the acid solution. The ATR-FTIR spectra of the NF6 membrane aer exposure to the acidic solution for 0, 5, 12, and 30 days are shown in Fig. 14 . It can clearly be seen that the peak at 967 cm À1 due to S-N groups was still present at all these time points. Fig. 15 shows the separation performance of the NF6 membrane aer exposure to the acidic solution for a xed period. It was seen that the MgCl 2 rejection decreased from 92.40% to 88.30% and the corresponding permeation ux increased from 34.10 L m À2 h À1 to 38.60 L m À2 h À1 . The change in the performance of the NF6 membrane was slow. These results indicated that the PSA composite membranes have excellent acid stability, which was attributed to the stable chemical structure of the sulfonamide bond. According to our analysis of the sulfonamide structure, the acid stability is explained by the steric effect and electronic effect. 39 Scheme 3 shows a schematic diagram explaining the acid stability of the sulfonamide structure:
(1) Steric effect: Scheme 3 (1) shows that all the bond angles in the sulfonamide group are about 109. 5 , which causes a nucleophile that attacks the sulfur atom to suffer more steric hindrance.
Scheme 3 Schematic diagram explaining the acid stability of the sulfonamide structure: (1) steric effect, (2) electronic effect. (2) Electronic effect: Scheme 3 (2) shows that the sulfuroxygen double bonds in the sulfonamide group together with the lone pair of electrons on the nitrogen atom form P-p conjugated structures, which can reduce nucleophilic attack on the sulfur atom and thereby increase the stability of the S-N bond.
In addition, we analyzed statistics for the separation performance of some acid-stable membranes (Table 5 ). These show that the new PSA composite membrane has high acid stability and separation performance in comparison with other acid-stable membranes.
Conclusions
In this study, a high-performance PSA composite membrane with acid stability was fabricated by IP of macromolecular PAH and BDSC on a PES substrate. By tailoring the polymerization conditions, a smooth and more compact PSA active separation layer with an IEP at a pH of around 8.5, in contrast to those of reported PSA composite membranes, was obtained. The desired PSA membrane exhibited a high permeation ux of up to 34.10 L m À2 h À1 and a high rejection of a 1 g L À1 MgCl 2 solution of up to 92.44%. In addition, the new PSA composite membrane was positively charged and exhibited excellent rejection of heavy metal ions (rejection > 90%). Moreover, the PSA membrane also exhibited excellent acid stability in an acid stability test. No obvious changes in MgCl 2 rejection and permeation ux were observed aer exposure to a 20% (w/v) H 2 SO 4 solution for 30 days, which was attributed to the stable chemical structure of sulfonamide bonds. Therefore, the new PSA membranes exhibited potential for water desalination and the removal of heavy metal ions from an acidic environment.
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